Over the last decade, adenosine receptors in the central nervous system have been implicated in the modulation of cognitive functions. Despite the general view that endogenous adenosine modulates cognition through the activation of adenosine A 1 receptors, evidence is now emerging on a possible role of A 2A receptors in learning and memory. The present review attempts to examine results reported in different studies using diverse animal models, to provide a comprehensive picture of the recent evidence of a relationship between adenosinergic function and memory deficits. The present data suggest that caffeine (a nonselective adenosine receptor antagonist) and selective adenosine A 2A receptor antagonists can improve memory performance in rodents evaluated through different tasks. They might also afford protection against memory dysfunction elicited in experimental models of aging, Alzheimer's disease, Parkinson's disease and, in spontaneously hypertensive rats (SHR), a putative genetic model of attention deficit hyperactivity disorder (ADHD).
ABSTRACT
Over the last decade, adenosine receptors in the central nervous system have been implicated in the modulation of cognitive functions. Despite the general view that endogenous adenosine modulates cognition through the activation of adenosine A 1 receptors, evidence is now emerging on a possible role of A 2A receptors in learning and memory. The present review attempts to examine results reported in different studies using diverse animal models, to provide a comprehensive picture of the recent evidence of a relationship between adenosinergic function and memory deficits. The present data suggest that caffeine (a nonselective adenosine receptor antagonist) and selective adenosine A 2A receptor antagonists can improve memory performance in rodents evaluated through different tasks. They might also afford protection against memory dysfunction elicited in experimental models of aging, Alzheimer's disease, Parkinson's disease and, in spontaneously hypertensive rats (SHR), a putative genetic model of attention deficit hyperactivity disorder (ADHD).
INTRODUCTION
Adenosine, an established neuromodulator, plays an important role in the regulation of synaptic transmission and neuronal excitability in the central nervous system (CNS) (1). The relevance of adenosine receptors was initially recognized on the basis of the ability of caffeine, the most widely consumed psychoactive substance, to act as a dual antagonist at A 1 and A 2 receptors (2). Four adenosine receptor subtypes (A 1 , A 2A , A 2B and A 3 ) have been cloned and characterized from several mammalian species. They are all metabotropic G protein-coupled receptors (3) and were divided into two broad groups: A 1 and A 3 receptors usually couple to "inhibitory" G-proteins (Gi and Go); and A 2A and A 2B receptors couple to "stimulatory" G-proteins (Gs) (4). However, all adenosine receptors are fundamentally pleiotropic receptors, as they can potentially couple to different G proteins and to different transducing systems, according to their degree of activation and their particular cellular and subcellular localization (5).
The main effects of adenosine are mediated by the activation of high affinity receptors (A 1 and A 2A ), which are probably of physiological importance. The adenosine A 1 receptor is the most abundant adenosine receptor, and is highly expressed in the neocortex, cerebellum, hippocampus, and dorsal horn of the spinal cord. The adenosine A 2A receptor is highly expressed in the striato-pallidal neurons and olfactory bulb, and lower levels also occur in other brain regions such as the hippocampus (3, 6). Low levels of adenosine will act preferentially on adenosine A 1 receptors, whereas higher levels will act preferentially on adenosine A 2A receptors (7, 8) . In some conditions (e.g. aging) the relative importance of the "inhibitory" adenosine A 1 receptor and the "excitatory" adenosine A 2A receptors is unbalanced, i.e. the ability of adenosine A 1 receptor agonists to inhibit neurotransmitter release and synaptic transmission is reduced, whereas that of adenosine A 2A receptor agonists to facilitate neurotransmission is increased (9-11). This apparent loss of an adenosinergic inhibitory tonus and the appearance of a stimulatory one in aged individuals may be important to the enhancement of synaptic efficacy and might be a consequence of the decreased number of functional synapses. At the same time, a physiological cost may be represented by an increased vulnerability of senescent neurons to excitatory amino acid toxicity, since adenosine lacks its A 1 receptor-mediated neuroprotective effects in the aged brain (12-14). amino-2-{2-furyl}{1,2,4}triazolo-{2,3-a}{1,3,5}triazin-5-ylamino]ethyl)-phenol (ZM241385) (15). It is also important to note that adenosine A1 and A2A receptors can interact at a subcellular level, so that blockade of one receptor subtype can lead to a disinhibition of the other, and vice-versa (5). The practical consequence of this is that, in some situations, the blockade of adenosine A 1 receptors can enhance, via disinhibition, agonistic actions at adenosine A2A receptors. Adenosine A2B receptors are expressed at low levels in the brain (16) and might be relevant in pathological conditions. The A3 receptor, apparently, has intermediate levels of expression in the human cerebellum and hippocampus and low levels in the rest of the brain (3). Because of their low abundance in the brain, the role of adenosine A2B and A3 receptors has received considerably less attention. It is hoped that greater experimental efforts, as well as novel tools will lead to a new perspective on the possible relevance of these less abundant adenosine receptor subtypes.
Considerable evidence supports a modulatory role for adenosine in learning and memory, including basic cellular mechanisms involved in memory formation, such as the hippocampal long-term potentiation (LTP) (17) and long-term depression (LTD) (18). Although clinical studies on the effects of caffeine (a nonselective adenosine receptor antagonist) consumption on cognitive performance in nondemented humans have yielded inconsistent results (19-23), preclinical psychopharmacological studies have provided valuable insights into the involvement of adenosine receptors in learning and memory processes. Administration of adenosine (mainly A 1 ) receptor agonists disrupts learning and memory in rodents (24-27), while the nonselective adenosine receptor blockade by theophylline or caffeine, as well the selective blockade of adenosine A 1 and A 2A receptors, facilitates rodent learning and memory in diverse behavioral tasks (28) (29) (30) (31) (32) . Of high interest, caffeine and selective adenosine (mainly A 2A ) receptor antagonists have been suggested to afford protection against memory dysfunction elicited in experimental models of aging (33), Alzheimer's disease (AD) (34, 35) and Parkinson's disease (PD) (36, 37) , as well as in a putative genetic model of attention deficit hyperactivity disorder (ADHD) in spontaneously hypertensive rats (SHR) (38, 39) . The present review attempts to examine results reported in different studies using animal models of these conditions, to provide a comprehensive and updated picture of the relationships between adenosinergic function and cognitive deficits.
BASIC ASPECTS OF ADENOSINE AS A NEUROMODULATOR RELEVANT FOR COGNITIVE FUNCTIONS
The notion that adenosine can act as a neuromodulator to interfere with cognitive processes probably stemed from the general belief that caffeine, through nonselective blockade of adenosine receptors, enhances cognition in humans. Indeed cognitive benefits of caffeine have been reported (20-22, 40, 41) , but longitudinal studies have indicated that the effects of habitual caffeine intake are limited (19, 23). The reason for this inconsistency in the literature can be largely attributed to methodological issues. For instance, there is considerable variability in doses of caffeine administered, with some using single acute doses equivalent to over fivefold the amount found in the average cup of coffee. In general, observations point to an inverted U-shaped doseresponse curve for caffeine: lower doses have positive effects on performance, while doses above 500 mg either have no effect or actually decrease performance (42) (43) (44) . Also the periods of caffeine abstention prior to testing vary widely from 1 h (45) to up to 3 weeks (46) .
A recurrent theme in the literature concerns the issue if the behavioral and subjective effects of caffeine are truly beneficial, or merely represent an alleviation of caffeine withdrawal symptoms which include headache, drowsiness and lethargy, and decreased energy and concentration (47, 48) . This withdrawal reversal hypothesis holds that regular caffeine consumers experience a perturbation of mood and behavior during acute withdrawal that is reversed by caffeine consumption, and that caffeine then merely restores normal functioning (49, 50) . Some studies have shown considerable support for the withdrawal reversal hypothesis (50) (51) (52) . For example, Rogers and coworkers (52) have demonstrated that caffeine enhances mood and performance in regular caffeine users who abstain overnight, but not in caffeine non-consumers. However, other studies (20, 22) have indicated that caffeine improves cognitive performance and mood in both consumers and non-consumers.
After consuming caffeine, human subjects report that they feel energetic, alert, imaginative, efficient, selfconfident, are more able to concentrate and motivated to work (53). Caffeine intake also improves vigilance and performance in mnemonic tasks, being easily manifested in prolonged sessions (54). These short examples illustrate how the term "cognition" may refer to different mental processes, including acquisition (perception) of information, processing, memory storage and recollection, and the planning and execution of actions. Revelle and coworkers (55) have shown a complex interaction between the effects of caffeine on performance and parameters such as personality and time of day. In this context, adenosine figures as a central mediator, affecting the sleep/wake cycle and attention (6). Adenosine functions as a natural sleeppromoting agent, accumulating during periods of sustained wakefulness and decreasing during sleep (56, 57) . Although caffeine might exert similar basic effects on different brain structures, the functional consequences of these effects may be quite different in distinct task paradigms and under different arousal states. This constitutes a major problem in determining the effects of caffeine on human information processing. For example, an increase in arousal improves the performance of tasks where relatively few sources of information have to be monitored, particularly under conditions when the need for selective attention is stressed by time pressure. On the other hand, when multiple sources of information or working memory have to be used, an increase in arousal and attentional selectivity has no apparent beneficial effect on performance, which may consequently even decrease (58) . Although there is no clear agreement on the specific effects of caffeine on human cognitive functions, there is a strong indication that caffeine affects attentional processes (59).
Before reviewing the animal studies implicating adenosine and its receptors in learning and memory processes, is important to emphasize that there are distinct types and phases of memory. According to their duration memories can be classified as working memory (immediate memory lasting seconds or a few minutes), short-term memory (which develops in a few seconds or minutes and lasts for several hours) and long-term memory (which consolidates slowly and is relatively permanent), where short-and long-term memory are identified as separate entities (60, 61) . These distinct types of memory can be evaluated in animal studies through the use of different behavioral tasks. With regard to the phases of memory, a first characteristic of memory is the temporal aspect of its formation. Acquisition of information, which is very labile at first, is consolidated over time (62) . Acknowledging this coordinated process of memory formation, it is useful to define the effects of drugs on the distinct phases of memory. Given before training, drugs can act on the acquisition/early consolidation of memories, given shortly after training they can interfere in early/late consolidation, and given before testing, they can interfere in retrieval.
Endogenous adenosine modulates long-term synaptic plasticity phenomena, such as LTP (17), LTD and long-term depotentiation (18, 63) . In accordance with the notion that synaptic plasticity is the basis for learning and memory in different brain areas, adenosine correspondingly modulates rodent performance in various learning and memory paradigms (64) . The acquisition of inhibitory avoidance (25, 27, 65) and contextual conditioned fear (24) is impaired by systemic administration of adenosine A 1 receptor agonists prior to training, while the acquisition of tone fear conditioning is not (24). Moreover, the retrieval of conditioned fear is impaired following administration of adenosine A 1 receptor agonists prior to testing (24). On the other hand, whereas systemic administration of adenosine A 1 receptor antagonists does not affect the consolidation of inhibitory avoidance, it is improved by injection of adenosine A 2A receptor antagonists (29, 66) . Conversely adenosine A 1 receptor antagonists improve consolidation of inhibitory avoidance when microinjected into the cingulate cortex, immediately after training (30) . Also in the cingulate cortex, adenosine A 1 or A 2A receptor activation impairs the retrieval of inhibitory avoidance, while the antagonism of A 1 or A 2A receptors has no effect at all (67) . These differences between the effects of systemically administered versus centrally microinjected adenosine receptor suggest that the functional role of the adenosinergic system in long-term memory consolidation depends on the integration between multiple memory systems rather, than being restricted to a single brain area. Certainly additional brain systems need to be studied to further clarify the roles of adenosine receptor-mediated mechanisms in long-term memory processes.
Studies on the involvement of adenosine receptors in working memory are somewhat inconsistent. In the social recognition task, which is a short-term working memory mainly generated from olfactory cues (68) , the recognition ability of rats is disrupted by systemic administration of either adenosine or of selective adenosine A 1 and A 2A receptor agonists, and it is improved by injection of caffeine or selective adenosine A 1 and A 2A receptor antagonists (31) . The selective activation of adenosine A 1 (but not A 2A ) receptors in the hippocampus disrupts the performance of rats in a runway-based working memory test (26) . A novel strain of transgenic rats [TGR(NSEhA2A)], that overexpresses adenosine A 2A receptors mainly in the cerebral cortex, hippocampal formation and cerebellum do not display alteration in motor performance, anxiety-like behaviors or in hippocampaldependent learning of spatial memory (69) . However, these animals clearly present working memory deficits in the 6-arm radial tunnel maze, object recognition and in the water maze (69) . However, Hooper et al. (70) demonstrated that the activation of adenosine A 2A receptors does not affect spontaneous alternation in mice.
Considering this contribution of both adenosine receptor subtypes in cognitive processes, one can ponder about the mnemonic effects of widely used nonspecific antagonists, such as caffeine or theophylline. Do they improve or disrupt learning and memory? Available animal data shows that this depends on drug dosage and the memory phase evaluated. While relatively low doses (0.3-3 mg/kg) of caffeine improve consolidation in the reference version of the water maze (39, 71) , active avoidance (72) and inhibitory avoidance (73, 74) tasks in rodents, high caffeine doses (30-100 mg/kg) disrupt acquisition in the inhibitory avoidance (27, 73) , contextual fear (75), open field habituation (73) and water maze reference tasks (76) . There is no consensus about the effects of caffeine in longterm memory retrieval, with some studies showing improvement (71, 73) , while others have indicated either no effect at all (39, 77) or even impairment in retrieval (75) . Interestingly, the disruption of either acquisition or retrieval induced by caffeine occurs only at high doses (at least 30 mg/kg), which might reflect sensorial distortion due to loss of specificity, rather than specific mnemonic effects of the drug (53).
The above mentioned evidence suggests that adenosine tonically inhibits memory formation through activation of the more prevalent adenosine A 1 receptors (6). We can thus hypothesize that the improvement in memory acquisition induced by acute caffeine is associated preferentially with the blockade of adenosine A 1 receptors. However, this picture can change following repeated administration of either caffeine or selective adenosine A 1 receptor antagonists. Daily injections of an adenosine A 1 receptor antagonist produced a slight deterioration in spatial learning and memory in mice. Conversely, longterm treatment with an adenosine A 1 receptor agonist actually improved performance dramatically (78) . The long-term caffeine treatment induces adaptive changes in the adenosinergic system, which seem to be related more to plasticity in adenosine A 1 receptors rather than in A 2A receptors (79) . Inhibition of LTP by the activation of adenosine A 1 receptors, or the enhancement of LTP by the activation of A 2A receptors, both depend critically on the amount of adenosine available. Thus, low levels of adenosine will act preferentially on adenosine A 1 receptors, whereas higher levels will activate preferentially on adenosine A 2A receptors (7, 8). Certainly, the role of the more recently described adenosine A 3 receptor in synaptic plasticity cannot be overlooked (80) . The subsequent sections of the present review will address the changes observed in the adenosinergic systems of animals, modeling some cognitive dysfunctions such as aging, AD, PD and ADHD, to highlight the promising therapeutic effects of adenosine receptor antagonists as cognitive enhancers in such conditions.
EFFECTS OF ADENOSINE RECEPTOR ANTAGONISTS ON COGNITIVE DEFICITS IN AGED RODENTS AND MODELS OF ALZHEIMER'S DISEASE
As a result of the intense worldwide demographic changes, rising of life expectancy and the increase in aged populations, the importance of diseases affecting elderly people has become a major public health focus (81). The number of individuals suffering from these diseases is likely to grow, especially if no attention is given to the development of novel therapeutic approaches. For instance, in the year 2000 there were about 25 million elderly people suffering from dementia, and there are estimates that this number will raise to 63 million in 2030 and to 114 million in 2050. Almost half of dementia cases occur in less developed countries, which is in sharp contrast to how care resources are distributed worldwide and how the scientific databases and research on dementia are represented (82) . Among the many forms that dementia may manifest, AD accounts for about 50-60% of the cases (81). The term "AD" was originally used to designate individuals with presenile onset of symptoms, whereas the expression "senile dementia" was used when onset of cognitive deficits occurred after 65 years of age. Based largely on the great similarities between cognitive deficits and physiological alterations observed in patients suffering from AD or senile dementia, these disorders have been considered to represent a single, homogeneous disease. However, in early-onset AD the symptoms, occurrence of physiopatological alterations and the decline in the cholinergic system underlying cognitive dysfunctions are more severe than in senile dementia (81, 83, 84) . It is still uncertain, though, if they constitute separate diseases or form part of a continuum of an intensified aging process (85). The pathogenesis of AD includes characteristic microscopic lesions called "neuritic plaques" and "neurofibrillary tangles" in structures of the medial temporal lobe and brain cortex, together with a loss of neurons and synapses. Several pathogenic mechanisms underlying these changes have been postulated, but aggregation of β-amyloid (Aβ) peptides and their deposition in plaques are pivotal events (81). Initially, Aβ found in senile plaques was thought to be an abnormal protein. However, this is not true, since Aβ is produced constitutively during normal cell metabolism (86) . Therefore, the role of Aβ aggregation in AD has been reviewed and nowadays the central hypothesis for the cause of AD is the "amyloid cascade hypothesis", which states that an imbalance between the production and clearance of Aβ in the brain gives rise to the neurodegenerative process (87) .
Animal models of dementia (including AD) are thus based on the biological alterations observed in these human pathologies. While cognitive deficits associated with aging are obviously achieved by letting animals live until advanced age, developing animal models of AD is not so simple. Unlike nonhuman primates and a few other animals (88), aging rodents do not spontaneously develop the characteristic hallmarks of AD, i.e. the amyloid plaques and neurofibrillary tangles. However, their use in research is supported by the occurrence of senescence-related cognitive decline and behavioral alterations that correlate with AD-like neurochemical alterations, such as a marked age-associated hypofunctioning of the cholinergic system (89, 90) . Based on the same principle that AD patients present a reduction in cholinergic functions, pharmacologically-induced animal models are available, (94, 97) . These models based on intracerebral Aβ injection support the hypothesis that these peptides play a central role in AD pathogenesis and allow preclinical tests of drugs. More recently, transgenic mice that overexpress APP and present high levels of Aβ peptides that accumulate with aging have been developed (88) . The first transgenic model developed was with PDAPP mice (98) , but there are now several APP mutated transgenic mice available which constitute the most promising models in AD research (99) .
Scientific support for the idea that adenosine receptor antagonists, such as caffeine, could be useful to prevent the cognitive deficits observed in dementia is provided by an epidemiological study showing an inverse correlation between coffee intake and the occurrence of AD later on in life (100). Caffeine improves the cognitive deficits caused by scopolamine administration in humans, thus strengthening the notion that antagonism of adenosine receptors reverses cholinergic hypofunction caused by muscarinic receptor blockade (101) . Evidence from animal models is in line with these findings. Tables 1 and 2 summarize the available data concerning the effects of adenosine receptor antagonists in animal models of aging and AD-like cognitive deficits. As far as we know, the first attempt to prove that antagonism of adenosine receptors improves age-related cognitive deficits in animals came with a study comparing the beneficial effects of chronic treatment with either caffeine or an extract of a Brazilian plant named guarana, (Paullinia cupana) to ameliorate the deficits of 22 month-old rats in a complex Lashley III maze (102) . The phytochemical analysis of guarana extracts reveals the presence of various methylxantine derivatives, including caffeine, theophylline and theobromine. Indeed, both caffeine-and guarana-treated aging rats showed a trend towards memory improvement in the Lashley maze, whereas guarana also improved memory deficits presented by scopolamine-treated rats and mice in the step-through inhibitory avoidance task (102) . In line with these results, the performance of scopolamine-treated rats in the stepdown inhibitory avoidance was improved after i.c.v. injection of theophylline, another nonselective adenosine receptor antagonist (103) . Selective adenosine A 1 or A 3 receptor antagonists also improve scopolamine-induced deficits in rats tested in the step-through inhibitory avoidance task (66, 104, 105) and in the Y-maze spontaneous alternation task (66, 104, 105) .
A functional link between a hypofunctioning cholinergic system and age-related cognitive deficits was reported in an elegant experiment showing that the medial prefrontal cortex of aged rats is less liable to release acetylcholine upon depolarization (106) . There is an inverse relationship between the cholinergic and adenosinergic systems in aging. While acetylcholine content tends to be reduced in aged brains, adenosine content is increased (9, 11, 103). Since adenosine can reduce the release of several neurotransmitters, including acetylcholine (107, 108) , it might be postulated that adenosine "accumulation" plays an important role in agerelated cognitive deficits and hence may be considered an interesting target for pharmacological manipulation. Indeed, while evaluating olfactory working memory of aged rats we showed that caffeine administration improves the deficits in social recognition presented by 12 month-old rats (33) . Similar results were obtained by selective blockade of adenosine A 2A (but not A 1) receptors. Such results further highlight the importance of adenosine A 2A receptors in the accessory olfactory bulb of rodents (109), and suggest that adenosinergic neurotransmission changes, including imbalance in the expression of adenosine A 1 and A 2A receptors, may occur during aging and contribute to the cognitive deficits (1, 10, 110).
Aging in rats has been found to increase the number of adenosine A 2A receptors, as well as their coupling to G protein and their efficiency to increase cAMP in different brain areas (10, 110). Conversely, expression of adenosine A 1 receptors is reduced in the brain of aged rodents (110, 111) . Such findings indicate that, with aging, there is a reduced ability of adenosine A 1 receptor agonists to inhibit neurotransmission, and an increased efficiency of adenosine A 2A receptor agonists to facilitate neurotransmitter release and synaptic transmission receptor-mediated responses in young rats to a direct facilitatory system, independent of A 1 receptors, in aged rats (10). This apparent loss of an adenosinergic inhibitory tonus and the appearance of a stimulatory one in aged individuals may be important to the enhancement of synaptic efficacy and might constitute a response to the decreased number of functional synapses. As mentioned in the Introduction, a physiological cost may be represented by an increased vulnerability of senescent neurons to excitatory amino acid toxicity, since in the aged brain adenosine lacks its A 1 receptor-mediated neuroprotective effects (12-14).
Interestingly, in contrast with what occurs for adenosine A 1 receptors, the inactivation of adenosine A 2A receptors confers neuroprotection in diverse brain regions ranging from substantia nigra, striatum to hippocampus and cortex against injuries due to excitotoxicity, mitochondrial toxicity or brain ischemia (112) (113) (114) . Thus adenosine A 2A receptor antagonists can provide such a broad spectrum of neuroprotection seems to be associated to the modulation of common cellular processes (such as glutamate release and neuroinflammation) to influence functional outcome during brain injury (115) . (79) . The authors argue that the chronic treatment with caffeine takes advantage of the fact that adenosine A 1 receptor-mediated responses are desensitized (i.e. by tolerance) due to caffeine administration, whereas adenosine A 2A receptor-mediated responses are not (79) . Interestingly, these effects can be mimicked by intraperitoneal (i.p.) treatment with caffeine or a selective adenosine A 2A receptor antagonist from 2 days before, to 1 day after, Aβ 25-35 i.c.v. administration (35) . This study emphasizes the importance of adenosine A 2A receptors in the cognitive deficits induced by Aβ peptides and suggests that parallel to what occurs in aged rats, an imbalance in the adenosine-mediated neurotransmission may occur in this model. Caffeine's also display neuroprotective effects against Aβ peptides in transgenic APPsw mice (34) . Such lines of transgenic animals which overexpress APP have the advantage that they accumulate Aβ peptides in the brain over time, with consequent progressive cognitive deficits, better reflecting the human condition (117, 118) . Daily oral treatment with caffeine (0.3 mg/ml) over 6 months improved the cognitive deficits presented by 10 month-old APPsw mice in spatial reference, working memory and strategy-shift tasks of the water maze, and reduced soluble and insoluble Aβ 1-40 peptide levels in the hippocampus. Caffeine also reduced the production of Aβ 1-40 and Aβ 1-42 peptides in APPsw cultured neurons (34) . Finally, this elegant study investigated the expression of brain adenosine receptors in APPsw transgenic mice. Surprisingly, unlike the shift in adenosine A 2A /A 1 receptor subtype expression observed with aging of non-trangenic animals, the brains of APPsw mice displayed an increase in the expression of adenosine A 1 receptors in the frontal cortex and of A 2A receptors in the hippocampus, and a reduction in the total brain adenosine content. Notably, oral chronic treatment of APPsw mice with caffeine (1.5 mg/mouse) increased brain adenosine levels, but did not alter the patterns of adenosine receptors expression, locomotion, anxiety-like behavior or body weight (34) , suggesting that caffeine intake at this dosage range is harmless to such animals.
Taken together, evidence from animal models indicates that our comprehension of the role of the adenosinergic system in dementia is still far from complete. While there is a clearer picture in studies focusing on agerelated cognitive deficits, there is no direct link with those focusing on Aβ peptides in animal models of AD. Possibly, studies combining data from both types of approaches will enable a more desired view.
EFFECTS OF ADENOSINE RECEPTOR ANTAGONISTS ON LEARNING AND MEMORY IMPAIRMENTS IN RODENT MODELS OF PARKINSON'S DISEASE
PD is the second most common neurodegenerative disorder, following AD, affecting approximately 1% of the population older than 50 years (119). Current estimates from the American Parkinson's Disease Foundation mention 1.5 million American citizens suffering from this disease. Since the incidence of the disease increases with age (the most important risk factor), it is likely that the number of people suffering from PD will rise as improved health care lengthens the average life span. Classically, PD is considered to be a motor system disease and its diagnosis is based on the presence of a set of cardinal motor signs (e.g. rigidity, bradykinesia, rest tremor and postural reflex disturbance). These symptoms of PD result mainly from the progressive degeneration of dopamine neurons of the substantia nigra pars compacta (SNc) that project predominantly to the striatum (120), a fact that contributes to the prevailing view that the basal ganglia are mainly concerned with motor control functions (121) . Unfortunately, the patients only fulfill these clinical criteria when 60-70% of the neurons of the SNc are degenerated and the striatal dopamine content is reduced by 80% (122) (123) (124) (125) .
In addition to motor control, the basal ganglia system is also implicated in learning and memory processes (126) . Subtle cognitive impairments consisting mainly of executive dysfunction with secondary visuospatial and mnemonic disturbances can be observed in the early stages of PD (127, 128) . In about 20-40% of patients, these problems may eventually proceed to dementia, which constitutes an important risk factor for caregiver distress, decreased quality of life, and nursing home placement (129) . Even non-demented PD patients have been reported to present visuospatial working memory deficits (128, (130) (131) (132) and habit learning deficits (133, 134) . Although there are reports of declarative (or episodic) memory impairments in PD (135, 136) , they are less severe in comparison to other neurodegenerative disorders such as AD (127, 135, 137) .
Comprehension of the role of adenosine in the basal ganglia and its anatomical and functional relationship with the striatal dopamine D 1 and D 2 receptors has increased over the last years. Adenosine receptors are densely expressed in the striatum and exert a modulatory influence on dopamine neurotransmission (138, 139) . There is considerable evidence for an antagonistic interaction between A 2A and D 2 and also A 1 and D 1 receptors in the striatum (140, 141) , and both caffeine and adenosine A 2A receptor antagonists exert neuroprotective actions on dopamine neurons in the SNc (112) . Caffeine also directly increases dopamine release from striatal nerve terminals (142) , an effect which is also mimicked by the selective adenosine A 2A receptor antagonist ZM241385 in striatal synaptosomes (143) . These putative anti-Parkinson effects may explain the finding that the risk of PD is significantly reduced among coffee drinkers and that caffeine is the constituent responsible (144) (145) (146) (147) . Based on these promising effects, adenosine receptor antagonists are being pursued as putative drugs to treat PD (148, 149) .
PD is one of many human diseases which do not appear to have arisen spontaneously in animals. However, the characteristic features of the disease can be mimicked in animals more or less faithfully through the administration of various neurotoxic agents that disturb dopaminergic neurotransmission (150) (151) (152) . Currently, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) represents the most important and frequently used neurotoxin applied in animal models of PD. Bilateral infusion of MPTP directly into the rat SNc causes a partial loss of dopaminergic neurons and depletion of striatal dopamine, resulting in sensorial and memory deficits with no major motor impairments, thus modeling the early phase of PD (153) (154) (155) (156) .
The fact that most of the drugs currently available for the PD treatment (such as levodopa) are more efficient in alleviating motor, rather than cognitive, impairments has led many researchers to postulate non-dopaminergic mechanisms for the cognitive symptoms of this disease (157) (158) (159) (160) . In accordance with this idea, the administration of benserazide/levodopa to MPTP-lesioned rats, at a dose that restores the striatal dopamine levels, fails to reverse MPTP-induced learning and memory impairment (161) . The failure of levodopa to improve the memory deficits in both clinical studies and in bilaterally MPTP-lesioned rats reinforces the adequacy of this animal model to explore the potential of alternative drug therapies for the treatment of PD-related cognitive impairments.
As mentioned in section 3, the results obtained in different laboratories suggest that caffeine as well as selective adenosine A 1 and A 2A receptor antagonists can improve rodent learning and memory in diverse behavioral tasks (28) (29) (30) (31) (32) . However, very few studies have specifically assessed the effects of caffeine or selective adenosine Ref: reference, ↑: Increase ↔: no change receptor antagonists on the cognitive impairment observed in animal models of PD. As indicated in Table 3 , Gevaerd et al. (36) were the first to report that acute administration of caffeine (0.1-0.3 mg/kg, i.p.) reverses the impairing effect of MPTP-induced SNc lesion on the avoidance scores in the training and test sessions of a two-way active avoidance task in rats.
Another animal model widely used for investigating symptomatic anti-Parkinsonian treatments is the systemic administration of reserpine, a drug that inhibits monoamine storage in intracellular granules, and hence causes their depletion in nerve terminals and induces transient hypolocomotion and muscular rigidity (162) (163) (164) . More recently, the use of low doses of reserpine (0.5 -1.0 mg/kg) in rodents has been proposed as a behavioral approach to study the cognitive deficits (165) and depressive symptoms (166) (37) . However, these same authors already had shown that these doses of DPCPX prolong social recognition memory of non-reserpinized adult rats (31) . These results suggest an increased contribution of adenosine A 2A receptors (in detriment of A 1 receptors) in the cognitive deficits induced by reserpine administration in rats, reinforcing previous results obtained in different animal models of PD. In addition, caffeine and selective adenosine A 2A receptor antagonists promote contralateral rotation behavior in rats with unilateral lesions of the SNc induced by 6-hydroxydopamine (6-OHDA) (139) and reduced catalepsy induced by dopamine D 2 receptor antagonists in rats (168) . Moreover, the blockade of adenosine A 2A receptors enhances the locomotor deficits seen in dopamine-deficient (169) and dopamine D 2 receptor-deficient mice (112, 170) , as well as attenuates MPTP-induced loss of striatal dopamine and of dopamine transporter binding sites (112) .
Overall, from these limited results in this field it appear that caffeine and selective adenosine A 2A receptor antagonists might be particularly useful to restore impaired learning and memory processes in MPTP and reserpinetreated rats.
COGNITIVE EFFECTS OF ADENOSINE RECEPTOR ANTAGONISTS ON THE SPONTANEOUSLY HYPERTENSIVE RAT (SHR) STRAIN, A RODENT MODEL OF ATTENTION DEFICIT HYPERACTIVITY DISORDER (ADHD)
ADHD is a complex psychiatric disorder that usually manifests itself during childhood and it is characterized by three main symptoms: hyperactivity, inattention and impulsivity (171, 172, 173) . The occurrence of ADHD in children is typically associated with poor academic performance, probably reflecting learning disabilities and/or attentional problems (174, 175) . While hyperactive/impulsive symptoms tend to decrease with age, the inattention does not (176) . ADHD patients present a disturbance in the central dopaminergic system, but other neurochemical pathways may also be implicated in their behavioral abnormalities (172, (177) (178) (179) . Pharmacotherapy using psychostimulant medications such as methylphenidate or antidepressants is rigorously the only form of treatment available for ADHD. However, a great number of patients are considered non-responders due to insufficient symptom reduction or inability to tolerate these medications (180, 181) . About 30 years ago, a series of clinical studies showed the beneficial effects of caffeine to ameliorate ADHD symptoms in children (182) (183) (184) . These studies were largely neglected, probably due to the large availability of psychostimulant medicines manufactured by pharmaceutical companies in the 70's (185). More recently, there has been a new wave of scientific interest in the potential of caffeine for ADHD treatment, with special regard to the improvement of the cognitive deficits associated with this disease (186) . Some clinicians consider caffeine consumption by the ADHD patients as a form of self-treatment, although no empirical studies have been carried out to adequately test this hypothesis (186) . Epidemiological data have indicated a lower prevalence rate of ADHD in countries where the population ingests large daily amounts of caffeine (184, 187) . This section will focus on recent reports of the effects of caffeine and selective adenosine A 1 and A 2A receptor antagonists in the cognitive performance of SHR, a validated animal model of ADHD. Although the SHR are considered to be the most promising and suitable model of ADHD, reflecting many behavioral and neurochemical aspects of the disease, there are other interesting animal models of ADHD (178) .
Behavioral studies have shown a reduced performance of SHR in cognitive tests as compared to other commonly used rat strains. For instance, SHR present learning deficits in the conditional avoidance task (188), the two-way shuttle box avoidance task (189), the radial- (190) (191) (192) ), the social recognition task (38) , and the spatial version of the water maze task (39, (193) (194) (195) . Some studies have also focused on the contribution of the poor attentional performance of SHR rats to their learning dysfunctions (193, 196) . The usefulness of the SHR strain for the study of cognitive dysfunctions presented by ADHD is further validated pharmacologically by its sensitivity to alleviation by methylphenidate, the first-choice drug for ADHD treatment (197) . The aim of this section is to review the effects of adenosine receptor antagonists in the SHR strain, in order to explore the potentiality of the adenosinergic system as a possible therapeutic target for cognitive improvement in ADHD. Table 4 summarizes the experimental data available on this issue. The first reports of the caffeine effects in the cognitive performance of SHR came two years ago (38, 39) . In the social recognition model of olfactory working memory, SHR spent more time investigating the juvenile rat in the first 3-min exposure in comparison to Wistar rats, and they showed a clear impairment in the social recognition ability when the same juvenile rat was reexposed 30 min later (38) . A minute-by-minute analysis of the same data revealed that SHR rats do not habituate well to the presence of the juvenile rat. This is interpreted as impairment in short-term working memory and was confirmed by the use of the habituation-dishabituation paradigm (38) . Administration of caffeine (3-10 mg/kg, i.p.) prior to the first juvenile exposure improved the ability of SHR to habituate to the juvenile rat and reduced the investigation time during the re-exposure of the familiar juvenile (30 min later). The effects of adenosine receptors in the olfactory working memory of SHR were further explored using the selective adenosine A 1 and A 2A receptor antagonists DPCPX (1-3 mg/kg, i.p.) and ZM241385 (0.5-1 mg/kg, i.p.), respectively. In contrast to what was found in "normal" rats (see section 3), the ADHD-like behavior of SHR was improved only by the selective blockade of adenosine A 2A receptor, but not by the blockade of the A 1 subtype. This indicates that some behavioral imbalance in the adenosinergic tonus must contribute to the working memory deficits presented by SHR (38) .
Besides the deficits in olfactory working memory, evidence shows long-term memory dysfunction in SHR (see above). However, it is not entirely clear whether SHR present learning disabilities or impairment in some of the specific phases of memory processes (i.e., consolidation and/or evocation). A recent report using the water maze reference task tried to provide some clues on this issue (39) . The authors used an "extended" water maze protocol to test the following hypothesis: "If the SHR had more opportunity to learn, would they still present memory deficits?" It was observed that using a training protocol of 10 trials in a single day, rather than the more common training protocol with 4-6 trials over 4 days, the SHR will no longer present memory retention deficits in a probe test done 48 h later. This data suggests that SHR do not have deficits in memory consolidation and/or evocation, but in fact they have learning disabilities that may be surpassed using a more intensive training schedule (39) . Interestingly, the pretraining administration of caffeine (1-10 mg/kg, i.p.) also successfully improved SHR's performance. However, neither post-training nor pretest administration of caffeine (3 mg/kg, i.p.) were effective to improve the spatial learning deficits of SHR in the water maze task (39) . Regarding the ability of selective adenosine receptor antagonists to improve SHR's spatial learning/memory, at least to our knowledge, there are no data available. As can be seen in Figure 1B ,C, the higher doses of both DPCPX (3 mg/kg, i.p.) and ZM241385 (1 mg/kg, i.p.) improved the learning abilities of SHR, indicating the participation of both adenosine A 1 and A 2A receptors in the spatial learning deficits verified in SHR. These treatments did not alter the swim speed during the first water maze trial ( Figure 1D ). As expected, the learning improvement induced by the pharmacological blockade of adenosine A 1 or A 2A receptors led to a consequent improvement in memory retention (Figure 2 ). Both antagonists (DPCPX and ZM241385) reduced the latencies of SHR to enter the platform zone for the first time during the probe trial (Figure 2A) . However, only DPCPX-treated rats exhibited an increased number of entries and increased distance traveled in the quadrant where the platform was located during training trials (i.e. the SE quadrant) ( Figure 2B,C) . The percentage of time spent swimming in this quadrant was not altered due to drug treatment ( Figure 2D ). The plots of the swim pathways illustrated in Figure 2E reinforce the striking improvement in the SHR's performance due to administration of selective adenosine receptor antagonists.
It seems to occur a distinct contribution of the adenosine A 1 and A 2A receptors to the performance of SHR in the social recognition and water maze reference tasks. This probably reflects distinct requirements of neural substrates underlying the execution of these behavioral paradigms. The adenosine A 2A receptor seems to be a more relevant pharmacological target for improvement of SHR's performance in the social recognition, while the blockade of the adenosine A 1 receptor subtype exerted a major impact on the performance of the same rat strain in the spatial version of the water maze task. Since in these previous studies the adenosinergic drugs were administered systemically, it is not possible to determine their exact site of action. Of note, the olfactory bulb and the hippocampus, which are highly implicated in the social recognition memory and spatial learning, present high expression of adenosine A 2A (109) and A 1 receptors (198) , respectively. In addition, adenosine A 2A receptors modulate the release of different neurotransmitters in the olfactory bulb of rodents, including norepinephrine and dopamine that are involved in social memory (167, 199) . On the other hand, evidence suggests that adenosine A 1 receptors, modulates neurotransmitter release (1) and neuronal excitability (198) in the rat hippocampus.
At this point, one important question might be raised: "Why does caffeine (and selective adenosine receptor antagonists) improve learning of SHR but not of normal rats?" This question is quite far from being answered, particularly regarding ADHD-like learning dysfunctions, due to the lack of sufficient experimental data. We presume that the answer may rely on alterations in the adenosinergic system of SHR. For instance, SHR present reduced activity of adenosine deaminase, the enzyme that catabolizes adenosine to inosine, which results in an increased amount of adenosine available for neuromodulation in the brain of SHR (200) . As previously mentioned in the section 3, a greater availability of adenosine in the synaptic cleft increases the contribution of A 2A receptors to the final cellular response. Also, there is evidence of a reduced affinity of A 1 receptors in SHR's brain (201) , which is an additional indication of the importance of the adenosine A 2A receptors in the cognitive functions (or dysfunctions) presented by this strain. Studies in human subjects also point to distinct effects of caffeine in ADHD patients and healthy subjects, somehow yielding greater cognitive improvements in the former (186) . We believe that the behavioral data presented here, as well as the suggestion of a shift in the importance of adenosine receptor subtype observed in SHR neurotransmission, may contribute to future promising studies in this field.
Finally, results from previous clinical studies on the efficacy of caffeine have been inconsistent, with some authors demonstrating an improvement of general condition in ADHD (183, 187, 202) , while others have not found convincing positive caffeine effects at all (203) (204) (205) . These studies, performed with a small number of subjects, have no substantial impact on the alteration of clinical treatment strategies, despite the fact that they have not been systematically refuted. For this reason, the consensus in the field is that adjunctive caffeine is not contra-indicated for the treatment of ADHD, but it is also not a viable replacement for the currently used drugs (206) . Although research is at a very early stage, the findings reviewed above further highlight the cognitive-enhancing properties of caffeine in the social recognition and water maze tasks evaluated in the SHR animal model of ADHD.
SUMMARY AND PERSPECTIVE
The findings presented in this review suggest that the role of the adenosinergic system in learning and memory processes is more complex than first believed, and that it must involve integration between the different types of memory and specific phases of memory, as well as the existence of different subtypes of adenosine receptors which are differentially expressed in specific brain areas. Nonetheless, recent studies have emphasized the promising therapeutic effects of adenosine receptor antagonists as cognitive enhancers. Acute doses of a nonselective adenosine receptor antagonist such as caffeine can improve rodent learning and memory in certain tasks. The occurrence of interactions and/or plasticity between adenosine A 1 and A 2A receptors in different brain areas associated with learning and memory processes, makes it difficult to attribute behavioral effects explicitly to a single subtype of adenosine receptors. It is conceivable that adenosine A 2A receptors have low expression in a healthy brain, suggesting that A 1 receptor-mediated neurotransmission would be much more relevant for mnemonic functions in "physiological" conditions. However, this pattern of expression and the functional importance of each adenosine receptor subtype can change in certain non-homeostatic (i.e., "pathological") conditions. In particular, caffeine and selective adenosine A 2A receptor antagonists might afford protection against memory dysfunction elicited in experimental models of aging, AD, PD and, in the SHR strain, a putative genetic model of ADHD. In addition, the results indicating the potential of selective adenosine A 3 receptor antagonists to improve cognitive deficits in scopolamine-treated animals points to a possible relevance of this less abundant adenosine receptor in cognitive functions. Therefore, it is hoped that greater experimental efforts, as well as novel tools, will help clarify more precisely the contribution of each adenosine receptor subtype in cognitive disorders. This approach may also provide new clues as to the neurochemical basis of memory. Finally, the development of more efficacious compounds targeting adenosine A 2A and perhaps A 3 receptors will greatly aid research in this area.
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